1-Deoxynojirimycin (DNJ), a natural polyhydroxylated piperidine alkaloid, is attracting growing attention due to its important biological functions. This paper introduces the discovery and origins of DNJ, its extraction, purification, and physiological functions in the treatment of diabetes. The mechanisms of DNJ in the inhibition of fat accumulation and tumor cell metastasis are also discussed. In addition, the prospects and challenges of DNJ for practical production are proposed. This work aims to provide technical advice on obtaining DNJ and a fuller understanding of its biological activities.
In 1976, Yagid extracted 1-deoxynojirimycin (DNJ) (Figure 1a ) from Cortex mori (Figure 1b ), the dried root of mulberry [1] . After that, DNJ was also found in various other species, including Bacillus subtilis [2a-c] , Streptomyces [3a-d] , Hyacinthus orientalis bud [4] , Commelina communis [5a-c] , Adenophora triphyllavar var. japonica [6] , Angylocalyx pynaertii [7] and Bombyx mori ( Figure  1c ) [8a,b] . With the expansion of the source organisms where DNJ could be found, its physiological functions have also been expanded. In 1991, it was noted that DNJ, as an α-glucosidase inhibitor [9a,b] , had a promising effect on reducing postprandial blood glucose level [10a,b] . DNJ plays important roles in inhibiting fat accumulation [11] and tumor cell metastasis [12] , and is also engaged in anti-aging-related behaviors [13a-c] and anti-HIV processes [14a-c] .
As an active nutritional and pharmaceutical ingredient, DNJ extraction, purification, and detection methods have been constantly optimized to develop satisfying products more efficiently. However, such information is generally scattered. In this review, we collected and organized data and information from various research reports regarding methods of obtaining DNJ from different organisms and roles of DNJ in biological processes. We wish to provide a deeper and more comprehensive view that could benefit researchers in related fields. DNJ properties and abundance: DNJ {(2R, 3R, 4R, 5S)-2hydroxymethyl-3,4,5-hydroxypiperidine} has the molecular formula C 6 H 13 NO 4 [1] . Its melting point is 204~205℃. The amount of DNJ in mulberry leaves (Figure 1b ) varies by season, location, and strain. Toshiyuki harvested standard Japanese mulberry leaves (Morus alba L. var. kairyou Nezumigaeshi) at different time periods from June to September and at different branch locations [15a] . He determined the abundance of DNJ in mulberry leaf by hydrophilic interaction liquid chromatography with an evaporative light scattering detector (HILCI-ELSD). This study showed that the content of mulberry leaf DNJ was the highest in August and the top branches always had higher DNJ contents than the middle and bottom branches over the four months. Yatsunami compared the DNJ contents in 247 mulberry leaf varieties, including 82 in May, 83 in July, and 82 in August, in Kyoto, Japan [16] . High performance liquid chromatography (HPLC) analysis showed that the DNJ contents in the leaves were in the range of 0.04-0.06%. He further investigated the inhibition activity of DNJ from 276 leaf varieties, including 111 in May, 82 in July, and 83 in August. Using maltose to evaluate the inhibition activity of DNJ on mouse intestinal crude enzyme, it was found that DNJ from leaves harvested in July and August had higher inhibition activity than those in May, and the inhibition activity of DNJ in the leaves harvested in July (except M. latifolia) was higher than that in August, suggesting mulberry leaves in July are more suitable for producing DNJ products [16] .
In fact, in addition to mulberry, other plants also contain DNJ. Naoki extracted DNJ from Hyacinthus orientalis bud using water:methanol (50:50). Gas chromatography mass spectrometry (GC-MS) detected 31 mg of DNJ from 7.6 kg wet weight of bud [4] . In addition to DNJ, Kim also obtained a pyrrolidine alkaloid (2,5-bishydroxymethyl-3,4-dihydroxypyrrolidine) and four other piperidine alkaloids (1-deoxymannojirimycin, α-homonojirimycin, 7-O-β-D-glucopyranosyl and α-homonojirimycin) from Commelina communis and found that all these alkaloids have potent inhibitory activity against α-glucosidase [5a] . In Adenophora triphyllavar var. japonica, DNJ as well as several other alkaloids were extracted, including 2,5-hydroxymethylpyrrolidine-3,4-dihydroxy-6-C-butyl (HPDB) derivative, α-1-C-ethyl-fagomine, 1-deoxymannojirimycin, and 1,4-dideoxy-1,4-imino-D-arabinitol. It was further noted that the HPDB derivative could inhibit the activity of almond βglucosidase and α-1-C-ethyl-fagomine could inhibit the activity of bovine liver β-galactosidase [6] .
DNJ was also found in B. subtilis strain DSM704 [2a] . The yield changed with the different carbon sources in the medium [2a] . When metabolism substrates of the citric acid cycle, such as succinate, citrate, and malate, were the sole carbon source for the growth of DSM704, the yield of DNJ was very low, with the highest content 0.002 mg/mL in the supernatant of the culture medium. However, when DSM704 was grown with metabolism substrates from the glycolytic pathway as the sole carbon source, such as lactic acid, fructose, glycerol, sorbitol, and sucrose, the yield of DNJ was extraordinarily high, with a minimum DNJ content of 0.02 mg/mL and a maximum of 1 mg/mL in the supernatant of the culture. The lepidopteran insect Bombyx mori also contains DNJ [8a] , whose content was examined across different development stages and tissues using HPLC methods. The results showed that the DNJ content accumulated in male larvae was higher than that in female larvae. Additionally, its content was relatively high in the blood, digestive fluid and gastrointestinal tube, but was not detected in the silk gland. When silkworms were reared on an artificial diet containing no mulberry leaves, DNJ was not found in Bombyx mori, which indicated that silkworms could not synthesize DNJ by themselves but obtained DNJ from mulberry leaves [8a] . The accumulation and excretion of DNJ in silkworm larvae changed periodically [17] . There was no DNJ in newly hatched larvae. Each instar larvae mainly accumulated DNJ in the early and middle stages, and excreted it in the late stage, thus, the silkworm excrements ( Figure 1d ) contained DNJ. Extraction, purification and determination of DNJ: How to extract, separate, purify and determine accurately and efficiently the contents of DNJ have been explored by many scholars over the years. A traditional method to extract DNJ is through a water extraction method [18] . First, the sample is dried and boiled with distilled water. Then, the sample mixture is filtered and methanol is added to the filtrate, which is then centrifuged and DNJ collected in the supernatant. Apparently, the operation processes are simple and crude. However, long heating times may destroy DNJ. Furthermore, extracting DNJ that is bound to fat, sugar, or protein may experience some difficulties. Because DNJ is an alkaloid, it can also be extracted with acids via the formation of soluble salts [19] . Convenient and mild as it is, the method is less than satisfactory in concentrating the extracts [20] . Organic solvents such as methanol and ethanol are commonly used to extract DNJ because these solvents can easily penetrate into the cell wall [21] . Compared with methanol, ethanol is less toxic and therefore more widely applied in the extraction of DNJ. In addition to organic solvents, microwave assisted methods can also crush cell walls and release DNJ [22] . The method is becoming very popular due to its simple operation, fast extraction rate and pollution-free procedure. Comparisons of the different DNJ extraction methods are given in Table 1 .
Recently, a new extraction method was reported, which used cellulase produced by microorganisms such as Trichoderma reesei ATCC 26921, Aspergillus niger DSMZ821, Trichoderma viride CICC 40502 and T. koningii CICC 13012 for the extraction of DNJ from mulberry leaves [23] . The results showed that the amount of DNJ extracted after 12 hours of pretreatment with Trichoderma reesei fermentation fluid could reach a maximum of 1.995 mg/g of leaf powder, which was 18 times higher than that of the distilled water-soaked group. In another report, the microorganism Ganoderma lucidum was screened for fermenting mulberry leaves in order to improve the extraction efficiency of DNJ [24] . The extracting efficiency determined by reverse phase HPLC equipped with a fluorescence detector (HPLC-FD) was up to 0.55% [24] . Therefore, microorganism-assisted extraction of DNJ has great potential in future applications. There are several common separation and purification methods for DNJ extracts. For example, macroporous resin chromatography, which utilizes a spherical polymer with a macroporous structure to selectively adsorb organic compounds from aqueous solution and achieves the purpose of separating the target compound. It has the advantage of strong adsorption, easy desorption and good mechanical strength [25] . Using this method, the mass fraction of DNJ increased from 0.23% in dried extracts to 4.9% in the collected chromatographic fraction, and the rate of recovery was 98% [26] . The types of macroporous resins were further evaluated. Different types of macroporous resins had different adsorption/desorption capacities [27a,b] . Ion exchange resin chromatography, which takes advantage of electric charges on target products in the sample, is a finer separation method than macroporous resin chromatography, and the DNJ mass fraction increased from 4.9% to 16.7% using this method [26] . During the operations, however, it may produce harmful waste such as ammonium hydroxide [28] . Another purification method is through solvent extraction, which is based on the different solubility of the target compounds in the sample. DNJ was extracted from mulberry branch leachate with diethyl ether, ethyl acetate and 1-butanol separately and HPLC was used to examine each solvent extraction. Results showed that the mass fraction of DNJ was the highest (0.48%) in 1-butanol, followed by ethyl acetate (0.21%) and no DNJ was detected in the diethyl ether [28] . In practice, specific methods should be used according to actual needs. The advantages and disadvantages of different DNJ purification methods are shown in Table 2 . Because there is no chromophore in DNJ, the molecule needs derivatization in order to be detected by fluorescence detectors. Such processes are usually complicated, costly and time-inefficient, and may cause environmental pollution. Researchers have recently developed a new method, namely direct analysis in real time mass spectrometry (DART-MS), for qualitative and quantitative analysis of DNJ in mulberry leaves [29] . Without lengthy derivatization and separation processes, the method greatly shortens the experimental time periods. Compared with the HPLC method that uses a fluorescence detector (FLD), DART-MS can process 8 samples in 6 minutes, while only three samples were handled by HPLC in a 45 minute period. Additionally, the DART-MS method is more environmentally friendly because it does not consume toxic reagents or produce toxic compounds like other methods that require derivatizations, and DART-MS does not require an organic
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Natural Product Communications Vol. 12 (9) 2017 1523 mobile phase for separation. In order to verify the reliability of this method, the results were compared with the data obtained by the 9fluorenylmethyl chloroformate derivatization-HPLC-FLD method. The results obtained using the two methods were essentially the same, suggesting that DART-MS is accurate and reliable for the determination of mulberry DNJ. The advantages and disadvantages of different DNJ detection methods are presented in Table 3 . The physiological functions of DNJ: More than 20 polyhydroxylated piperidine alkaloids have been found in mulberry, including DNJ and many other polyhydroxylated alkaloids such as 1-N-methyl-1-deoxynojirimycin and 2-O-α-D-galactopyranosyl-1deoxynojirimycin [30a,30b] . DNJ was considered an efficient αglucosidase inhibitor [9a] . α-Glucosidase is mainly distributed in the human small intestine and is responsible for converting food oligosaccharide into monosaccharides (e.g., glucose). These glucose molecules enter the body through the intestinal wall, causing a sharp rise in blood glucose concentration. The interaction mechanism between DNJ and the enzyme has been described [31] . DNJ binds to α-glucosidase stronger than sucrose, maltose and other oligosaccharides, thereby reducing the chances of oligosaccharides from binding with α-glucosidase, which in turn reduces glucose production. DNJ can also promote the uptake of glucose by the intestinal brush border [32a,b] . This duel interaction results in suppression of postprandial hyperglycemia [33a,b] , thereby improving the health of patients with diabetes mellitus [34a,b] . DNJ can also inhibit the glycogen phosphorylation enzyme and thus keep glycogen from breaking down into glucose to balance fasting blood glucose levels [35] . Patients who have diabetes may have resistance to insulin, causing a decrease in the efficiency of insulin on glucose assimilation and utilization. As a result, the body will secrete more insulin, leading to pancreatic dysfunction, and aggravation of the diabetic condition. DNJ can improve insulin sensitivity in diabetic patients, and therefore help to treat the disease [36a,b] .
Compared with a healthy person, patients with diabetes are more likely to suffer from fatty liver and cardiovascular disease [37a-37d] . It was reported that DNJ inhibited the accumulation of lipid by activating the hepatic fatty acid β oxidation system [32a] . DNJ, as well as mulberry extracts enriched with DNJ, can strongly inhibit hepatic triglyceride (TG) levels [11] . Enzymes involved in the hepatic fatty acid β oxidase system such as carnitine transferase and acyl coenzyme A oxidase were further investigated [11] . The results showed that expression levels of these enzymes increased significantly, indicating that DNJ may activate fatty acid β oxidase. The fatty acid β oxidation system is regulated by peroxisome proliferator activated receptor α (PPARα) [38a-d] and AMPactivated protein kinase (AMPK) [39] , which functions as a 'fuel gauge' to monitor cellular energy status [40a,b] . AMPK is regulated by the anti-obesity hormone adiponectin [41a,b] , the expression levels of which in plasma and white adipose tissue were both increased in DNJ and DNJ-enriched extract treated groups. The overexpression of adiponectin led to the overexpression of AMPK, which in turn further activated the fatty acid β system to inhibit the accumulation of lipids in the liver. Another report pointed out that DNJ prevented pleiotropically glucose from stimulating migration of vascular smooth muscle cells, which then prevented atherosclerosis occurrence by activating AMPK/RHOB and downregulating lesion adhesion kinase (FAK) [42] .
DNJ also showed potential in anti-metastasis such as inhibiting cell adhesion, migration and invasion. Degradation of the extracellular matrix around tumor cells is an essential step in the process of tumor invasion and metastasis. In this process, metalloproteinases (MMPs) and their inhibitors, the tissue inhibitors of metalloproteinases (TIMP) play an important role in matrix degradation [43a-d] . It is reported that DNJ has the ability of inhibiting invasion, migration and cell-matrix adhesion of B16F10 melanoma cells by inhibiting the expression activity of MMP-2 mRNA and MMP-9 mRNA, and enhancing the expression of TIMP-2 mRNA [44] . In addition, DNJ significantly reduced superficial aberrant glycosylation and/or sialylation of B16F10 melanoma cells and increased the content of α-mannose. Thus, the effect of DNJ on anti-metastasis of B16F10 melanoma cells may relate to the inhibition of the expression of MMP-2 and MMP-9 mRNA, enhancement of TIMP-2 mRNA and alteration of cell surface glycan binding motifs. These results indicate that DNJ can be used as an adjuvant anti-metastatic agent (such as cisplatin) in cancer treatment. DNJ also offers anti-aging benefits [13a-c] . In this review, attention has been focused on DNJ's potential for improving diabetes, atherosclerosis, inhibition of lipid accumulation and cancer metastasis, and associated mechanisms (Figure 2 ). It is also noted that most studies on DNJ's biological functions were carried out in either rat models or humans, but studies in herbivore insects such as silkworms have been neglected [45] . Prospects and challenges of DNJ: DNJ is an excellent α-glucosidase inhibitor in vitro. It does not inhibit α-amylase [46] , and thus would not cause malabsorption of sugar and impose adverse effects on the gut. However, the physiological effects of DNJ in vivo are only mediocre [47] . This dilemma has prompted the development of DNJ derivatives [48] , such as acarbose [49a,49b] , bezafibrate [50ac] and miglitol [51a-c] . Clinical studies have demonstrated that miglitol can inhibit intestinal microvilli enzymes, such as sucrase, maltase, isomaltase, trehalase and lactase, with the strongest inhibition on sucrase [51b]. The high efficiency and low toxicity properties of miglitol made it an important breakthrough in the treatment of diabetes, but adverse effects of miglitol still exist [52] . 1524 Natural Product Communications Vol. 12 (9) 2017 Wang et al.
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Advantages
Mulberry is full of treasures. In addition to alkaloids, flavonoids [53a,b] and polysaccharides [54a,b] it has certain benefits on the treatment of diabetes [55] . The hypoglycemic effect of combining DNJ and mulberry polysaccharide (DMP) is much better than using any single one of them [56a-56c] . Thus, comprehensive utilization and exploration of mulberry may be a promising marketing direction in the future. DNJ was recently reported as a suitable functional food as well as a food additive to flour [15] . In fact, mulberry tea [57a-c] , mulberry fruits [58a,b] and other mulberryderived food [59] have long been used in diet in some Asian countries. Although mulberry and silkworm products have proven anti-hyperglycemic activity [60a,b] , they still lack concrete evidence to prove DNJ as the single active compound to have an anti-diabetic effect. Previous studies also pointed out that silkworm products may not be used to assess the effect on anti-diabetes because of the low content of DNJ in commercial silkworm products (<450 mg/100 g dry powder silkworm) [15] . In short, there are still many challenges for DNJ as a product in both the food and pharmaceutical industries, and thorough investigations are needed before DNJ can be formulated into marketable drugs and food additives.
